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ABSTRACT.  A  photographic  technique  was  developed  at  the  U.  S.  Naval 
Ordnance  Test  Station,  China  Lake,  to  directly  measure  the  velocity  of 
particles  as  small  as  2-3/i -diameter  traveling  at  velocities  up  to 
2,600  ft/sec  in  supersonic  gas  streams.  A  double-pulsed  explosive- 
krypton  light  source  was  used  to  provide  intense  and  precisely  controlled 
light  pulses  that  were  used  both  for  illuminating  and  shuttering  the 
event.  The  particle  images  were  recorded  on  film  as  pairs  of  streaks. 

The  velocities  of  the  particles  were  determined  from  the  magnification 
of  the  camera-lens  system,  the  measured  distance  between  the  streaks  on 
the  film,  and  the  time  interval  between  flashes. 

A  series  of  ten  runs  was  made  in  which  the  velocity  of  parti¬ 

cles  were  measured  as  they  were  carried  in  a  2,900  ft/sec  helium  stream. 
Particle  velocities  up  to  2,600  ft/sec  were  measured  with  an  accuracy  of 
from  1.5  to  3.2^.  By  optimizing  the  technique  it  should  be  possible  to 
extend  the  measurements  to  higher  particle  velocities.  Particle  veloc¬ 
ities  and  sizes  were  correlated  and  the  results  compared  with  theoretical 
data  calculated  using  a  one -dimensional  treatment  with  constant  lag 
assumptions.  Although  the  data  trends  correlate  well,  it  appears  that 
particle  lag  is  not  as  great  as  predicted  by  theory. 
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INTRODUCTION 

Investigators  in  the  past  were  puzzled  by  the  fact  that  a  number  of 
high-energy  propellants  containing  metal  additives  were  not  producing 
the  specific  impulses  predicted  by  theory.  A  closer  examination  of  the 
problem  revealed  that  one  of  the  causes  of  degradation  was  the  relatively 
large  amount  of  solid  and  liquid  particles  in  the  exhaust  stream.  These 
condensed-combustion  products  lag  the  gas  stream  in  velocity  and  must 
be  accelerated  by  dissipative  drag  forces.  In  addition,  the  particles 
cannot  transfer  their  heat  fast  enough  to  maintain  temperature  equilib¬ 
rium  with  the  gas  as  it  expands  and  cools  in  the  nozzle.  As  a  result, 
the  particles  usually  leave  the  motor  at  higher  temperatures  than  the 
gas  and,  in  the  process,  csu*ry  off  thermal  energy  that  otherwise  could 
have  been  converted  into  kinetic  energy.  The  end  result  of  the  two  loss 
mechanisms  is  a  lower  exhaust  velocity  and  degradation  of  motor  perfor¬ 
mance.  In  order  to  better  predict  these  losses  and  to  aid  in  the  anal¬ 
ysis  of  gas-particle  systems,  an  accurate  theory  is  needed  to  account 
for  the  effects  of  multiphase  flow. 

The  characteristics  of  gas -particle  flows  have  been  widely  inves¬ 
tigated.  Most  of  the  work  was  carried  out  on  a  theoretical  level  and 
various  models  were  proposed  to  predict  the  fluid  dynamics  of  such  systems 
(Ref.  1-2).  Most  of  the  experimental  work  to  date  has  consisted  of 
inferring  the  effects  resulting  from  the  presence  of  the  particles  by 
using  the  measured  motor  parameters  such  as  thrust,  specific  impulse, 
etc.  Experimental  information,  however,  is  needed  concerning  the  behav¬ 
ior  of  individual  particles  to  verify  the  theoretical  models  and  to 
supply  input  data  needed  in  the  theoretical  calculations. 

This  report  describes  an  experimental  program  conducted  at  the 
Naval  Ordnance  Test  Station  during  FY  1963  from  which  a  technique  was 
developed  to  directly  measure  the  velocities  o?  small,  individual  parti¬ 
cles  traveling  in  high-velocity  gas  streams.  The  report  is  divided  into 
two  principal  sections:  (l)  development  of  particle  velocity  measure¬ 
ment  techniques,  and  (2)  measurement  of  particle  velocities. 


MEASUREMENT  TECHNIQUE  DEVELOPMENT 

A  study  was  conducted  on  the  state-of-the-art  photographic  tech¬ 
niques  applicable  to  the  measurement  of  particle  velocities  (Appendix 
A).  As  a  result  of  the  study  a  promising  technique  was  chosen  because 
it  was  relatively  simple  and  inexpensive. 

The  technique  incorporates  an  explosive  rare -gas  light  bomb  and  a 
simple  press-type  camera  to  obtain  pictures  of  the  particles  and  the 
measurements  of  their  velocities.  The  light  bomb  was  constructed  in 
such  a  way  that  two  extremely  Intense  and  precisely  timed  light  pulses 
were  produced.  These  pulses  were  used  to  directly  illuminate  the 
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particles  and  to  shutter  the  event.  The  camera  shutter  remained  open 
during  the  entire  event  and  the  particle  images  were  recorded  as  pairs 
of  streaks  on  the  film.  By  knowing  the  magnification  of  the  camera 
optical  system,  the  measured  distance  between  paired  streaks  on  the 
film,  and  the  time  duration  between  flashes,  it  was  possible  to  obtain 
an  accurate  value  for  the  particle  velocity. 

Various  components  of  the  system  will  be  discussed  under  the  follow¬ 
ing  categories:  (l)  camera-recording  assemblage,  (2)  light  bomb  or 
illumination  system,  and  (j)  ouxiliary-flov  equipment  needed  to  generate 
the  particle  flows.  The  critical  component  of  the  system  was  the  light 
source,  which  required  most  of  the  development  time  and  is  covered  in 
greatest  detail. 


CAMERA  AND  FILM  UNIT 

Because  the  event  was  shuttered  by  the  light  source,  the  require¬ 
ments  for  the  camera-shutter  capabilities  were  not  stringent;  a  rela¬ 
tively  simple  and  inexpensive  carera  could  be  used.  However,  because 
of  the  short  effective  exposure  times  associated  with  the  small  particles 
moving  at  high-velocities,  the  lens  and  film  became  quite  important. 


Camera 


The  camera  used  in  the  tests  was  a  4  x  5  Speed  Graphic  press -type 
camera.  In  addition  to  4  x  5  negatives  and  Polaroid- type  films,  the 
unit  was  equipped  with  a  special  back  to  accommodate  regular  Polaroid 
roll  film. 

The  camera  was  modified  to  incorporate  a  nominal  10-to-l  magnifi¬ 
cation.  The  need  for  magnification  to  produce  a  visible  streak  was 
basically  twofold:  (l)  streaks  1  a  wide  would  not  be  readily  visible 
on  the  film  unless  they  were  widened  by  overexposure  (halation),  which 
is  not  usually  desirable,  and  (2)  it  was  required  to  allow  the  6treaks 
to  be  long  enough  for  an  accurate  measurement  while  keeping  the  physical 
distance  that  the  particle  had  travelled  to  a  minimum.  A  10-to-l  mag¬ 
nification  will  produce  a  1-inch  streak  on  the  film  for  a  particle  having 
travelled  l/lO  of  an  inch.  Keeping  the  physical  displacement  of  the 
particle  to  a  minimum  is  required  to  increase  the  probability  that  the 
particle  will  remain  in  focus,  and  to  decrease  the  effects  of  axial 
velocity  gradients  on  the  measurement  of  the  particle  velocity. 

The  use  of  magnification  has  an  inherent  disadvantage  because  as 
the  image  on  the  film  is  increased  in  size,  the  amount  of  light  per 
unit  area  is  decreased.  This  loss  of  intensity  is  not,  however,  as 
great  as  image-3lze  ratios  w^uld  indicate  because  as  the  magnification 
is  Increased,  the  distance  from  the  camera  lens  to  the  object  (particles) 
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is  decreased,  which  allows  a  larger  solid  angle  of  light  to  enter  the 
camera. 


Camera  Lens 

The  objective  lens  used  with  the  Speed  Graphic  camera  was  a  75  n® 
f/l.9  Wollensak  lens.  It  was  chosen  for  these  tests  because  it  was 
the  lowest  f-number  (highest  speed  lens)  that  was  readily  available. 

The  f-number  is  defined  as  the  ratio  of  the  lens  focal  length  to  the 
diameter  of  the  lens  aperture.  The  theory  concerning  the  f-number  and 
the  speed  of  the  lens  will  not  be  discussed  here  since  it  can  be  found 
in  almost  any  book  on  photography  (Ref.  3) •  It  should  be  stated,  how¬ 
ever,  that  the  theory  for  the  lens  speed  is  defined  for  cameras  where 
the  distance  of  the  object  to  the  lens  is  much  greater  than  the  dis¬ 
tance  from  the  lens  to  the  film.  This  corresponds  to  a  camera  demag- 
nification.  Because  the  camera  system  used  in  these  tests  has  a  nominal 
10-to-l  magnification,  the  basic  theory  must  be  somewhat  modified. 

The  75  ma  f/l.9  Wollensak  lens  used  in  these  experiments  and  the 
majority  of  standard  camera  compound  lenses  were  designed  to  be  used 
in  a  camera  with  the  lens  much  closer  to  the  film  than  to  the  object, 
causing  demagnification.  Since  the  camera  system  used  in  these  tests 
required  magnification,  it  was  observed  that  nore  light  could  be  focused 
on  the  film  by  turning  the  lens  around. 


Film 


The  choice  of  film-type  was  narrowed  to  films  of  high  sensitivity 
because  obtaining  enough  light  was  a  major  problem.  Tvo  Polaroid  films 
and  one  4x5  negative- type  film  were  used  in  the  tests. 

Polaroid  films  were  used  because  of  their  high  sensitivity  and 
the  benefit  of  rapi'  development  between  tests.  Tests  performed  with 
Polaroid  Type  57  Le  i  film  ASA  3000  gave  streaks  of  low  brightness. 

To  increase  the  br  htness  of  the  streaks,  Polaroid  Pola  Scope  Type 
410  Land  film  with  an  equivalent  ASA  rating  of  10,000  was  used  in  the 
najority  of  the  experiments.  This  film  produced  streaks  about  twice 
as  bright  as  those  obtained  with  the  Polaroid  Type  57  film*  The  Polaroid 
Type  410,  however,  was  available  only  in  rolls  which  reduced  the  over¬ 
all  size  of  the  picture  from  4  x  5  to  about  3x4. 

The  4x5  negative -type  film  used  was  Kodak  Royal -X  Pan  Recording 
film  which  was  developed  for  high  contrast  in  D-19  developer  for  5 
minutes.  This  film  and  development  produced  a  streak  brightness  between 
the  brightness  of  the  Polaroid  Type  57  and  the  Polaroid  Type  410  films. 
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ILLUMINATION 

The  decision  to  frontlight  the  system  and  to  precisely  control 
the  duration  of  the  light  pulse  makes  the  light  source  extremely  impor¬ 
tant  in  the  following  respects: 

1.  It  should  havegsufficient  intensity  to  expose  a  film  in  the 
order  of  1  nanosec  (10  ^sec)  after  the  light  has  first  been  reflected 
from  a  l/i  particle. 

2.  The  duration  should  be  controlled  so  that  repeatable  data 
can  be  obtained.  This  indicates  that  for  a  total  light  pulse  of  2 
to  5  x  10'  sec  the  deviation  between  tests  should  be  less  than  1 
x  10-7  sec> 


Light  Intensity 

The  high-intensity  short-duration  light  sources  that  were  consid¬ 
ered  were:  (l)  the  spark,  (2)  the  exploding  wire,  and  (3)  the  explo¬ 
sive-shock  rare-gas  light  bomb.  System  (3)  was  chosen  for  two  reasons: 
(l)  the  explosive  rare-gas  system  allowed  a  larger  emitting  surface 
for  the  light  which,  when  focused,  would  allow  a  higher  intensity  over 
a  larger  field  of  view,  and  (2)  with  the  explosive  rare-gas  system 
variations  in  pulse  length  and  shape  can  be  accomplished  by  simple 
geometric  changes.  The  duration  of  the  light  pulse  increases  by 
increasing  the  thickness  of  gas  that  the  shock  must  traverse. 

The  operation  of  an  explosive  rare-gas  light  source  can  be  described 
as  follows: 

The  detonation  of  an  explosive  charge  forms  a  strong  shock  wave 
which  propagates  through  gas  contained  within  a  cavity.  The  gas  atoms 
are  ionized  by  the  shock  and  emit  light  when  recombining  with  their 
electrons.  Rare  gases  (argon,  krypton,  and  xenon)  produce  a  much 
higher  light  intensity  for  a  given  shock  strength  than  other  gases 
because  none  of  the  shock  energy  is  lost  in  disassociating  the  mole¬ 
cules. 

Argon  is  the  gas  most  often  used  in  explosive-gas  light  sources. 
However,  work  performed  at  Stanford  Research  Institute  (Ref.  4)  indi¬ 
cated  that  xenon  and  krypton,  when  shocked,  emitted  a  higher  light 
intensity  than  argon.  Both  krypton  and  argon  were  used  in  the  Naval 
Ordnance  Test  Station  experiments.  Xenon  was  not  tried  because  the 
increase  in  predicted  intensity  was  not  considered  worth  the  addi¬ 
tional  ccst. 
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The  light-source  or  bomb  that  was  designed  and  built  is  shown  in 
Fig.  1  and  an  exploded  view  is  shown  in  Fig.  2.  The  bomo  was  designed 
to  produce  a  large  solid  angle  of  emitted  light.  This  solid  angle  was 
dictated  by  both  the  diameter  of  the  bomb  and  the  amount  of  plexiglass 
required  to  attenuate  the  stress  waves  resulting  from  the  detonation. 

The  lens  system  on  the  front  was  used  to  condense  the  light  in  an  effort 
to  maintain  a  high  light  intensity  on  the  field  of  view.  Details  on 
the  light  bomb  and  its  construction  are  included  in  Appendix  B. 

To  determine  if  this  j.ight  bomb  would  produce  the  required  light 
intensity,  it  was  tested  ’under  the  conditions  in  which  it  was  to  be 
used.  Streaks  in  a  supersonic  helium  flow  (about  3,000  ft  sec)  were 
photographed  using  aluminum,  aluminum  oxide,  magnesium,  and  tungsten 
particles  as  snail  as  ?  .  This  light  intensity  test  in  no  way  Justi¬ 

fies  a  statement  that  the  light  source  will  reach  the  upper  limit  for 
which  it  was  built  (l^i,  particles  traveling  at  5.000  ft/sec).  It  is 
believed,  however,  that  if  higher  intensity  light  is  required  the  present 
system  can  be  optimized  to  reach  this  upper  limit. 

Controlled  Light  Puls e 

Producing  a  controlled,  repeatable  light  pulse  developed  into  a 
more  difficult  problem  than  obtaining  sufficient  light  intensity. 

Because  the  pulse  duration  had  to  be  about  3 fl  sec  the  rise  and  fall 
times  had  to  be  extremely  short  tc  approximate  a  square  wave.  To  check 
the  cnaractcristics  of  the  light  pulse,  the  light  comb  output  was  photo¬ 
graphed  using  a  Beckman  Whitley  Model  168  streak  camera.  The  light 
bomb  tests  were  set  up  with  the  streak  camera  looking  straight  into  the 
light  source.  The  camera  was  aimed  down  the  light  bomo  axis  through  the 
gas  grp  and  focused  on  the  circular  explosive  surface.  The  camera  slit 
was  adjusted  so  that  the  distance  from  the  centerline  of  the  explosive 
to  the  outer  edge  of  the  explosive  was  photographed  as  the  ordinate  on 
the  film  and  time  was  recorded  as  the  abscissa.  The  approximate  shape 
of  the  detonation  wave  and  the  time  of  the  light  pulse  can  be  determined 
by  this  method.  The  detonation  wave  begins  to  emit  light  on  reaching 
the  explosive-gas  interface.  A  curved  detonation  wave  will  first  reach 
the  explosive-gas  interface  at  the  centerline  and  with  time,  extend  to 
the  outer  edge.  The  initial  light  transient  would  be  curved  on  the  film 
representing  the  curve  of  the  detonation  wave.  The  light  would  then 
continue  until  the  shock  had  traversed  the  gas  gap. 

The  first  tests  in  which  the  light-bomb  output  was  photographed 
showed,  as  would  be  expected  by  considering  the  detonator  as  essentially 
a  point  source  initiator,  that  the  detonation  wave  was  curved.  This 
resulted  in  a  light  pulse  with  an  unacceptable  long  rise  time.  Because 
small  explosive  plane-wave  generators  are  expensive,  a  second  tetryl 
pellet  was  placed  behind  and  in  contact  with  the  first  pellet  to  give 
the  explosive  a  longer  length.  This  longer  length  reduced  the  curvature 
of  the  detonation  wave  at  the  explosive -gas  interface  to  a  tolerable  value. 
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FIG.  2.  Exploded  View  of  the  Inner  System  cuid  Focusing  Lens  of  the  Explosive 
Gas  Light  Bomb. 
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Explosive  rare -gas  light  sources  often  use  a  metal  buffer  or  piston 
between  the  explosive  and  the  gas  (Ref.  5).  The  piston  shocks  the  gas 
as  it  moves  and  aids  in  producing  a  pulse  with  short  rise  and  fall  times. 
Tests  with  various  buffer  materials  and  thicknesses  indicated  that  the 
buffer  greatly  reduced  the  light  intensity.  The  metal  buffer  was  elim¬ 
inated  from  the  system  because  it  was  important  to  obtain  the  highest 
light  output  possible. 

The  use  of  two  tetryl  pellets  resulted  in  a  sharp  rise  time;  the 
problem  remaining  was  to  obtain  a  rapid  termination  of  the  light  pulse. 
The  first  tests  showed  that  the  light  terminated  rather  slowly  after 
the  shock  had  traversed  the  gas  gap  and  impacted  the  plexiglass  front. 
Other  research  performed  at  the  Naval  Ordnance  Test  Station  indicated 
that  the  light  from  various  gases  could  be  extinquished  rapidly  by  * 
coating  the  gas -plexiglass  interface  with  nitrocellulose,  Saran  Wrap, 
or  even  IXico  cement  (Ref.  6).  However,  tests  with  this  system  using 
relatively  large  gas  gaps  tod  no  buffering  pistons  indicated  that  these 
materials  failed  to  extinquish  the  light  at  the  required  rate. 

As  tests  continued  using  various  techniques  to  rapidly  terminate 
the  light  pulse,  a  new  tangent  to  the  problem  was  also  pursued.  It 
had  been  shown  by  other  investigators  in  this  field  that  the  emitted 
light  can  be  made  to  pulse  many  times  (Ref.  7).  Therefore,  by  obtaining 
a  rapid  rise  of  two  pulses ,  accurate  time  can  be  measured  from  the 
beginning  of  the  first  pulse  to  the  beginning  of  the  second  pulse. 

"Hie  attempts  to  rapidly  terminate  a  single  light  pulse  were  stopped 
when  the  two-pulse  system  began  showing  repeatable  results.  The  two- 
pulse  system  adopted  used  one  gap  containing  a  rare  gas  followed  by 
one  gap  containing  air.  'Hie  air  gap  allowed  the  light  intensity  gener¬ 
ated  by  the  rare  gas  to  decrease  to  a  low  level.  The  second  and  shorter 
pulse  resulted  when  the  shock  wave  impacted  against  the  air-plexiglass 
(Fig*  2).  Figure  3  shows  a  Beckman  Whitley  streak  photo¬ 
graph  of  the  two -pulse  output.  It  should  be  noted  that  both  pulses 
have  rapid  rise  times  as  shown  by  their  sharp  and  relatively  straight 
fronts.  Termination  of  both  pulses  is  rather  slow,  but  this  does  not 
hamper  accuracy  since  measurements  are  taken  from  the  beginning  of  the 
first  pulse  to  ke  start  of  the  second.  The  first  pulse  was  made  of 
longer  duration  than  the  second  to  avoid  confusion  in  identifying  and 
measuring  actual  particle  streaks  in  the  flow  photographs. 

Nine  light  tests  were  run  using  the  streak  camera  to  determine  the 
repeatability  of  the  two  pulses.  The  results  showed  that  the  average 
time  from  the  start  of  the  first  pulse  to  the  beginning  of  the  second 
wa*  3*1**  *  10  sec.  The  standard  deviation  from  this  value  was  15* 

10*  sec  which  results  in  a  fractional  standard  deviation  of  1.6*  of  the 
total  time. 
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FIG.  3.  Streak  Camera  Record  Showing  Light  Output 
Pattern  for  Explosive  Rare -Gas  Light  Bomb  Arranged 
for  Dual  Pulse  Operation. 

FLOW  APPARATUS 

The  flow  apparatus  was  kept  as  simple  as  possible  because  the 
major  emphasis  was  placed  on  developing  photographic  velocity -measure¬ 
ments  technique.  The  flow  apparatus  was  required  only  to  produce  a 
supersonic  gas  flow  containing  dispersed  solid-metal  particles. 

The  working  medium  of  gas  used  was  helium  which  was  chosen  because 
of  its  high  speed  of  sound  and  its  safety  as  an  inert  gas.  The  speed 
of  sound  in  helium  is  about  3,000  ft/sec  at  room  temperature. 

The  nozzle  (Fig.  4)  was  designed  for  two-dimensional  flow  and  was 
made  by  sandwiching  two  contoured  micarta  plates  between  two  plexi¬ 
glass  plates.  It  was  designed  with  transparent  walls  to  allow  obser¬ 
vation  of  irregularities  in  particle  mixing  and  flow.  Basically,  the 
sonic -type  nozzle  has  a  primary  (large  hose)  inlet  for  helium,  a  secon¬ 
dary  inlet  for  helium  with  dispersed  particles,  and  taps  for  chamber 
and  throat  pressures. 
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FIG.  4.  Aligr«er't  of  Nozzle,  Light  Bomb  and  Camera. 
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The  problem  of  breaking  up  particle  clumping  could  not  be  solved 
solely  by  the  kinetic  forces  of  the  gas.  A  particle  generator  (Fig.  5) 
was  designed  to  aid  in  dispersing  individual  particles  in  the  gas 
stream.  The  combination  of  beating  the  particles  through  the  cotton 
bag  with  the  action  of  the  kinetic  forces  of  the  gas  eliminated  the 
problem.  There  existed,  also,  a  measure  of  control  over  the  number  of 
particles  in  the  f.ow  because  the  DC  motor  which  drives  the  beater 
allowed  a  variable  rpm. 


FIG.  5*  Particle  Generator. 


PARTICLES 

Various  size  particles  and  materials  were  used  in  checking  out  the 
system  and  running  photographic  and  light  tests. 

Particles  ranging  from  1  to  lO^tare  available  commercially;  howevei  , 
the  particle  sizes  are  usually  nominal.  Powders  of  a  stated  5 p  nominal 
size  may  range  from  submicron  to  30/ldi®oeter  with  the  maximum  distri 
bution  about  5/»- 

To  obtain  significant  velocity  data  for  various  particle  sizes,  the 
problem  existed  of  obtaining  particles  in  much  closer  distribution  (a 
spread  of  only  1  or  2 fl).  Added  to  this  problem  was  the  need  for  spher¬ 
ical  pair  tides  to  eliminate  the  parameter  of  particle  shape  and  to  approx¬ 
imate  the  shapes  that  liquid  particles  have  in  a  hot  rocket  motor.  Various 
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commercial  suppliers  were  contacted  and  confronted  with  these  size 
restrictions  with  no  positive  results.  An  attempt  was  made  here  to 
separate  aluminum  particles  with  HMD  (Buckbee  Wear  Co.  )  Micro  Mesh 
sieves.  These  sieves  for  particles  of  5  ,  10  15  20,  and  25/i.*  2  f± were 

easily  clogged  and  the  process  was  very  slow.  The  results  were  poor  ana 
are  discussed  in  some  detail  in  the  section  on  Particle  Velocity  Measure- 
men' 


INTEGRATED  SETUP 

The  various  components  of  this  system  were  set  up  as  shewn  sche¬ 
matically  in  Fig.  6.  The  sonic  nozzle  was  fed  by  two  helium  gas  bottles; 
the  primary  flow  was  controlled  by  a  solenoid  valve  connected  to  a  simple 
control  box;  the  secondary  helium  flow  was  connected  through  the  parti 
cle  generator  to  the  nozzle.  Both  the  helium  regulator  and  the  particle 
generator  beater  speeds  were  controlled  by  hand  so  that  some  control 
over  the  particle  density  in  the  flow  could  be  maintained.  The  camera 
shutter  and  the  light  bomb  were  controlled  electrically  from  the  control 
box. 


FIG.  6.  Test  Arrangement  for  Particle  Velocity  Tests. 
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PRETEST  ALIGNMENT 

The  alignment  of  the  various  parts  was  critical  as  with  nost  optical 
systems.  The  components  of  the  system  (Fig.  7)  a~c  basically  the  camera, 
light  bomb,  and  nozzle.  To  simplify  the  alignment  a  focusing  plate  with 
a  1  mm  grid  was  inserted  into  the  nozzle  exit  along  the  axis  of  flow.  A 
light  bulb  was  placed  in  the  light  bomb  before  insertion  of  the  explosive. 
The  light  bomb  was  then  aligned  to  cover  the  field  of  view  and  to  give 
maximum  light  on  the  focusing  plate.  This  required  the  front  lens  on 
the  light  bomb  to  be  placed  about  one  focal  length  from  the  axi3  of  the 
flow.  The  camera  was  then  focused  on  the  focusing  plate  with  care  taken 
that  the  field  of  view  of  the  camera  was  the  same  as  the  field  covered 
by  the  light  source.  The  explosive,  detonator,  and  back  plate  were  then 
carefully  placed  in  the  light  bomb.  The  assembling  of  the  light  bomb 
itself  is  discussed  in  Appendix  B. 

After  the  system  components  were  carefully  aligned  ,  the  camera  lens 
was  set  and  the  film  inserted  into  the  camera.  When  placing  the  film 
in  the  camera,  the  lights  were  kept  as  low  as  possible  because  of  the 
high  sensitivity  of  the  film.  The  connecting  of  the  detonator  leads  to 
the  shunted  firing  line  was  the  last  step  in  the  preparation  of  the 
system  for  testing. 


FIRING  SEQUENT 

The  test  procedure  was  simplified  b;  conducting  the  tests  in  tl.e 
dark,  making  it  unnecessary  to  incorporate  fast  camera  shutters  and 
complicated  synchronization.  The  tests  proceeded  as  follows: 

-5  sec:  Primary-helium  and  secondary-helium  particle  flows 
Initiated 

-2  sec:  Camera  lens  opened 
0  sec:  Light  bomb  fired 
♦1  sec:  All  systems  deactivated 


PARTICLE  VELOCITY  MEASUREMEffrS 

During  the  program  a  total  of  45  tests  was  run  in  which  photographs 
were  taken  of  the  particle  flovs.  Thirty-five  of  these  tests  were 
expended  in  the  process  of  developing  the  technique.  The  remaining  10 
were  run  under  controlled  condition*  to  demonstrate  the  capabilities  of 
the  system  and  to  secure  measurements  of  particle  velocities  for  prelim¬ 
inary  comparison  with  theoretical  data. 
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FIG.  7-  Particle  Measurement  Test  Setup. 
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EXPERIMENTAL  EQUIPMENT 

The  development  of  the  equipment  used  in  these  tests  was  discussed 
previously.  The  same  modified  Speed  Graphic  camera  used  in  Pfeli»i"^y 
tests  was  used  in  combination  with  the  roll -type  Polaroid  bach  an  before 
hifth  speed  Polaroid  UlO  film.  Pictures  taken  of  the  focusing  grid  before 
each  shot  established  the  magnification  of  the  system  at  a  constant  value 

of  9-51X. 

The  light  bomb  was  arranged  for  two-pulse  operation  using  krypton 
and  air  in  the  dual  gaps.  Two  l/2-inch  tetryl  pellets  were  used  in 
series  to  provide  the  detonation  wave.  Figure  7  shows  placement  o 
the  bomb  with  respect  to  the  camera  and  nozzle. 


FLOW  FIELD  STUDIES 

It  was  necessa:  -o  establish  a  fairly  constant  gas-velocity  field 
in  which  to  take  pictures  of  the  particles  for  the  data  runs.  A  series 
of  preliminary  tests  was  run  with  the  nozzle  system  to  determine  th 
chamber  pressure  needed  to  Just  achieve  sonic  flow  at  the  nozzxe  throat 
(which,  in  this  case,  is  also  the  nozzle  exit).  Under  these  nr-.-ure 
stances  the  exit  (throat)  static  pressure  equals  the  ambient 
and  a  short  region  is  established  directly  downstream  from  the  nozzle 
exit  in  which  the  gas  maintains  a  constant  velocity  equal  to  the  sonic 
value  (2,900  ft/sec  for  helium  at  nozzle-exit  static  temperatures;. 

To  determine  the  necessary  chamber  pressure,  measurements  were  taken 
of  both  the  chamber  and  nozzle  (exit)  pressures  1 “L? 
pressures  plotted  as  a  function  of  pressure.  When  the  flow  became  -onlc 
In  the  throat,  the  flow  was  choked  and  the  ratio  of  chamber  pressure  to 
exit  pressure  became  constant.  Although  this  transition  point  could  be 
calculated  theoretically,  it  was  decided  that  the  transition  point  should 
also  be  determined  experimentally.  With  the  high  value  of 
ratio  associated  with  helium,  the  dissipative  processes  within  the  flow 
become  larger  and  the  error  in  the  calculated  value  increases.  The 
critical  chamber  pressure  was  found  to  be  a  little  over  30-5  P*i*  ** 
ambient  pressure  of  13-5  pula;  this  is  about  3  P»i  higher  than  predicted 

by  theory. 

Tests  showed  that  the  number  density  of  particles  within  the 
was  quite  low  and  It  was  assumed  (based  on  theoretical  data)  that  In  the 
region  of  Interest  the  gas  velocity  would  be  essentially  unaffected  y 
the  presence  of  the  particles. 


PARTICLE  PROBLEMS 

Alcoa  1230  aluminum  powder  was  chosen  for  use  In  the  particle  veloc 
Ity  measurement  studies  because  of  Its  appropriate  size  distribution  and 
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the  nearly  spherical  shape  of  the  particles.  As  mentioned  previously  it 
was  very  difficult  to  obtain  powders  having  narrow  size  distributions. 

A  series  of  Buckbee -Mear  Micromesh  sieves  was  used  to  further  break  down 
the  aluminum  powder  into  four  fractions:  sub - 10 ft  (fraction  1)  ,  10  to 
15 fi  (fraction  2),  15  to  20/i  (faction  3),  and  20  to  25/1  (fraction  4). 

The  particle  velocity  data  of  the  tests  did  not  correlate  well  with 
the  particle  groupings.  Fortunately,  samples  of  the  particles  in  the 
flow  had  been  collected  before  each  test  series  by  passing  a  plastic 
slide  coated  with  fresh  Duco  cement,  through  the  gas -particle  stream. 
Photomicrographs  of  the  particles  were  taken  with  an  American  Optical 
Company  Model  2400  metallograph  microscope  at  a  magnification  of  200X 
(via.  8-11).  By  measuring  the  diameter  of  the  particles  in  each  photo¬ 
graph,  it  was  possible  to  determine  an  approximate  size  distribution 
(Fig.  12).  Although  the  sub-10/t group  (fraction  1)  appeared  to  be  the 
size  expected  as  a  result  of  the  filtering  process,  the  other  three 
fractions  appeared  to  be  substantially  larger  than  thought  at  first. 

The  mean  particle  diameter  of  both  fractions  2  and  3  was  about  25 /i instead 
of  lying  in  the  10  to  15u(fraction  2)  and  the  15  to  20 /i.( fraction  3) 
ranges.  The  mean  diameter  of  fraction  4  was  about  36/1  instead  of  lying 
in  the  expected  20  to  25/i  distribution.  It  was  very  d^flcu^ 
out  all  the  fine  material  from  fractions  2,  3,  and  4;  thus,  the  distri 
bution  curves  for  these  fractions  in  Fig.  12  will  have  an  upward  tren 
“S  »  second  exposure  (Fig.  8)  use  «ke„  on 

film  in  order  to  superimpose  a  picture  of  a  known-size  reticle-, 
distance  between  the  lines  in  the  reticle  was  equal  to  0.005  inch.  Wit 
this  it  was  possible  to  verify  the  camera  magnification  of  200X. 


EXPERIMENTAL  ARRANGEMENT  AND  PR0CEIXJRE 

The  experimental  arrangement  of  equipment  and  the  procedures  used 
during  the  tests  were  essentially  the  same  as  were  used  during  ^he  devel¬ 
opment  studies  These  are  described  in  the  section  titled  Integrated 

Setup. 


RESULTS  AND  DISCUSSION 

The  data  pnotographs  are  shown  in  Fig  13-22.  Four  tests  were  run 
using  the  smallest  particles  (fraction  l)  and  two  tests  each  with  the 
other  three  fractions.  Detail  on  some  of  the  smaller  streaks  has  been 
lost  in  reproduction.  The  pictures  are  sufficiently  good,  however,  to 
show  the  dual  streak  characteristics  of  the  larger  particles.  There  is 
a  long  streak  caused  by  the  krypton  flash  followed  by  a  much  shorter, 
less  intense  streak,  resulting  from  cosipression  effects  as  the  shock 
wave  impacts  the  air -plexiglass  interface.  In  many  cases  this  resembles 
a  horizontal  exclamation  point. 
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FIG.  8.  Photomicrograph  of  the  Particles  in  Fraction  1 
(200X  Magnification). 


FIG.  9.  Photomicrograph  of  the  Particles  in  Fraction  2 
(200X  Magnification). 
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FIG.  10.  Photomicrograph  of  the  Particles  in  Fraction  3 
(200X  Magnification). 


FIG.  11.  Photomicrograph  of  the  Particles  In  Fraction  4 
(200X  Magnification). 
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The  width  of  the  stress  can  be  seen  to  increase  as  the  particles 
become  larger  from  series  to  series.  This  is  caused  by  two  effects: 

(1)  the  obvious  geometric  effect  of  a  larger  particle  leaving  a  wider 
track;  (2)  the  facu  that  the  larger,  slower  moving  particles  reflect 
much  more  light  which  results  in  overexposure  of  the  film  and  halation. 
This  latter  effect  is  especially  noticeable  in  Fig.  21-22.  After  Fig. 

21  was  photographed  the  lens  iris  wa6  closed  down  from  f/2.8  to  f/8  for 
Fig.  22.  The  decrease  in  light  transmission  dramatically  reduced  the 
size  of  the  particle  trace  width.  Thus,  it  would  be  difficult  to  deter¬ 
mine  particle  size  from  streak  width  with  any  degree  of  accuracy  (this 
has  been  attempted  by  several  experimenters  in  the  field  of  metal 
combustion).  It  should  be  noted  that  the  large  blotches  of  light  shown 
in  many  of  the  pictures  also  result  from  the  halation  of  large  slow- 
moving  particles  outside  the  limits  of  sharp  focus. 

It  is  also  interesting  that  in  several  cases  the  light  is  reflected 
from  the  particle  in  a  cyclical  manner,  producing  a  trace  that  looks 
like  a  string  of  beads.  A  good  example  of  this  is  shown  in  the  trace 
above  the  No.  6  flag  in  Fig.  19*  It  is  not  caused  by  variations  in  the 
light  source,  because  not  all  the  streaks  show  this  phenomenon.  One 
speculation  is  that  the  particle  surface  is  not  uniform  and  in  some  way 
rotation  or  vibration  has  been  Induced.  It  is  possible  that  the  alumi¬ 
num  particle  may  have  impacted  on  some  surface  during  its  Journey  into 
the  through  the  nozzle,  and  developed  a  flat  surface.  Through  aero¬ 
dynamic  forces  a  spin  could  develop  on  the  particle  which  would,  in  turn, 
result  in  a  variation  in  the  light  reflected  as  the  flat  spot  rotates  in 
and  out  of  the  critical  reflection  point.  However,  for  this  to  be  true, 
it  would  be  necessary  for  the  particle  in  Fig.  19  to  be  either  rotating 
or  vibrating  at  a  rate  of  about  3  million  cps.  It  can  be  seen  from  the 
foregoing  that  surface  irregularities  could  also  result  in  streak-width 
variations,  which  would  further  cast  doubts  on  the  validity  of  deter¬ 
mining  particle  size  through  the  use  of  streak  wldth3. 

It  should  be  noted  that  not  all  the  particles  start  out  clearly, 
and  in  many  cases  the  second,  shorter  trace,  may  be  missing  completely. 
This  results  primarily  from  the  lower  intensity  of  the  secondary  streak 
and  the  very  shallow  depth  of  field  caused  by  the  large  lens  opening 
used,  the  large  magnification  incorporated,  and  the  very  small  allowable 
circle  of  confusion.  Thus,  particles  that  trace  trajectories  at  angles 
as  shallow  as  1  degree -to  the  plane  of  interest  can  go  in  and  out  of 
focus  during  the  time  it  takes  to  traverse  one -path  length.  This  actu¬ 
ally  is  a  real  benefit  to  the  experiment  in  that  errors,  resulting  from 
velocity  components  at  right  angles  to  the  measurement  plane,  are  nearly 
eliminated. 

The  numbers  on  the  photographs  indicate  the  points  chosen  for  data 
evaluation;  the  assignee  numbers  can  be  correlated  with  the  tabulated 
data  given  in  Table  1.  The  streaks  were  measured  with  a  6x  comparator 
to  an  accuracy  of  ±0.01  inch.  To  qualify  for  consideration,  the  streak 
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FIG.  13.  Streak  Photographs  of  Snail  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  1.  Run  Dl. 


FIG.  14.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  1.  Run  EE. 
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FIG.  15.  Streak  Photographs  of  Snail  Particles 
in  a  2,900  ft/sec  Heliun  Gas  Stream.  Particle 
Fraction  1.  Run  D3. 


FIG.  16.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  1.  Run  Dk. 
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FIG.  17.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  2.  Run  D5. 


FIG.  18.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  2.  Run  D6. 
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FIG.  19.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  3-  Run  D7 • 


FIG.  20.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  3.  Run  D6. 
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PIG.  21.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  4.  Run  D9. 


PIG.  22.  Streak  Photographs  of  Small  Particles 
in  a  2,900  ft/sec  Helium  Gas  Stream.  Particle 
Fraction  4.  Run  DIO. 
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had  to  possess  relatively  distinct  starting  points  for  both  sections  of 
the  trace.  Measurements  were  taken  from  the  start  of  the  first  streaJc 
to  the  start  of  the  second. 

Knowing  the  measured  distance  between  streaks,  s;  the  magnification 
of  the  lens  system,  m;  and  the  time  duration  between  the  onset  of  the 
two  streaks,  t;  the  particle  velocity  can  be  calculated  from 


v 


ZABLE  1.  Particle  Measurement  Data 


Test 

No. 

Streak 

No. 

Measured 

velocity, 

ft/sec 

Test 

No. 

Streak 

No. 

Measured 

velocity, 

ft/sec 

D1 

1 

1,770 

D4 

5 

2,020 

2 

1,940 

6 

2,050 

3 

1,030 

7 

1,750 

8 

2,000 

re 

1 

2,080 

9 

1,830 

? 

1,910 

10 

2,270 

3 

2,330 

11 

2,410 

4 

1,550 

12 

1,500 

5 

2,110 

13 

2,080 

6 

2,110 

14 

2,220 

7 

1,550 

15 

1,770 

0 

2,130 

16 

1,890 

9 

1,660 

10 

1,770 

D5 

1 

950 

2 

1,280 

D3 

1 

2,020 

3 

1,300 

2 

1,800 

4 

1,000 

3 

1,440 

5 

2,610 

4 

2,270 

6 

1,300 

5 

2,190 

7 

1,530 

6 

1,800 

8 

1,280 

7 

1,500 

9 

1,330 

8 

2,580 

10 

1,110 

9 

1,940 

D6 

1 

1,390 

D4 

1 

2,020 

2 

1,140 

2 

2,020 

3 

890 

3 

1,860 

4 

1,220 

4 

1,390 

5 

1,190 
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TABLE  1.  (Contd.) 


Test 

No. 

Streak 

No. 

Measured 

velocity, 

ft/sec 

Test 

No. 

Streak 

No. 

Measured 
velocity, 
f t/ sec 

d6 

6 

1,190 

D6 

8 

1,220 

7 

1,330 

9 

1,030 

8 

1,890 

10 

1,000 

9 

920 

11 

1,410 

10 

970 

D9 

1 

1,470 

D7 

1 

970 

2 

1,330 

2 

1,300 

3 

1,220 

3 

1,300 

4 

1,050 

4 

1,160 

5 

1,750 

5 

1,000 

6 

860 

6 

1,250 

7 

1,160 

DIO 

1 

720 

8 

1,140 

2 

860 

9 

1,440 

3 

920 

10 

1,410 

4 

1,220 

5 

830 

D6 

1 

2,050 

6 

890 

2 

1,390 

7 

890 

3 

1,160 

8 

780 

4 

1,110 

9 

1,000 

5 

1,140 

10 

830 

6 

1,190 

11 

920 

7 

890 

12 

1,000 

13 

890 

In  all  10  cases,  as  noted  previously,  the  magnification  was  9*51  and  the 
time  duration  was  3 -l1*  sec  between  flashes. 


The  particle  velocity  data  for  the  various  runs  are  given  in  Table 
1.  The  fractional  standard  deviations  varied  from  1.5$  for  the  highest 
velocities  to  3*2$  for  the  lowest  ones.  Tfce  particle  velocities  are 
presented  graphically  in  a  bar-type  plot  (Fig.  23)  which  also  shows  the 
velocity  distribution  obtained  with  the  different  fractions.  The  larger 
particles  (fraction  4)  are  traveling  at  the  slower  velocities  (between 
800  and  1,000  ft/sec).  The  smallest  particles  (fraction  l)  were  traveling 
the  fastest  and  ranged  from  1,700  to  2,600  ft/sec.  Fractions  2  and  3 
both  appear  to  be  moving  at  about  the  same  velocity.  Previous  to  the 
discovery  that  the  particle  fractions  were  not  in  the  ranges  indicated 
by  the  filtering  processes,  this  data  caused  considerable  concern. 

However,  as  noted  previously  (Fig.  12),  the  size  distributions  of  the 
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two  fractions  turned  out  to  be  very  close,  which  explains  the  similarity 
in  velocity  distributions  for  the  two  fractions. 

The  particle  size  and  velocity  distributions  were  compared  for  the 
different  fractions.  A  range  of  possible  particle  sizes  corresponding 
to  discrete,  selected  values  of  particle  velocity  was  obtained  by  noting 
the  end  point*,  and  mean  values  of  both  distribution  curves  (Fig.  12  and 
23)  for  each  of  the  particle  fractions.  This  was  don*,  independently  by 
both  authors  to  obtain  two  sets  of  measurements  that  could  be  compared, 
since  the  correlation  process  depends,  to  a  large  extent,  on  judgment. 
The  resulting  velocity  figures  were  then  normalized  by  dividing  the 
particle  velocity  by  the  gas  velocity  (2,900  ft/sec)  and  the  resulting 
ratio  plotted  against  particle  size  (Fig.  24).  The  widths  of  the  hori¬ 
zontal  lines  are  an  indication  of  the  uncertainty  of  the  data.  A  curve 
has  been  drawn  through  the  data  to  better  demonstrate  the  trend. 


FIG.  24.  Normalized  Particle  Velocity  as  a  Function  of 
Particle  Size  Using  a  Helium  Carrier  Gas  Moving  at  2,900 
ft/sec. 
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For  comparison  purposes,  theoretical  data  was  also  plotted  on  the 
graph.  The  theoretical  values  were  calculated  using  one -dimensional 
particle  flow  equations  and  assuming  a  constant  par  tide -to-gas  velocity 
ratio  (Ref.  8~9).  The  assumption  simplifies  the  solution  of  the  equations 
and  the  results  of  which  agree  quite  well  in  the  throat  region  with  the 
generalized  one -dimensional  calculations. 

The  procedure  given  in  Ref.  9  was  used  for  the  calculations.  The 
pressure  in  the  chamber  was  taken  as  30*5  psia  and  the  temperature  80*F. 
The  throat  diameter  was  0.125  inch  with  a  l6-inch  nozzle  curvature  radius 
at  the  throat.  It  was  assumed  that  the  particle -to-gas  mass  flow  fraction 
was  negligible.  At  the  suggestion  of  Dr.  Crowe  of  United  Technology 
Center,  the  constant  in  Eq.  A-9,  Ref.  ^  was  changed  from  .612  to  0.73* 

This  was  to  account  for  the  fact  that  gradients  in  the  nozzle  used  in 
the  experiment  differed  from  those  in  the  usual  axisymmetric  nozzle. 

It  can  be  seen  in  Fig.  24  that  the  trends  of  the  two  curves  agree 
fairly  well.  However,  the  velocity  lag  is  not  as  great  as  predicted  by 
the  theory.  The  results  indicate  that  a  further  extension  and  refine¬ 
ment  of  the  work  reported  here  would  be  desirable.  A  comparison  of  the 
data  with  two-dimensional  theory  would  also  be  of  interest. 


CONCLUSIONS 

A  photographic  technique  was  developed  whereby  it  was  possible  to 
directly  measure  the  velocity  of  particles  \s  small  as  2  to  3/1  traveling 
at  velocities  up  to  2,600  ft/sec  in  a  helium-gas  stream.  The  fractional 
standard  deviation  varied  from  1.5  to  3*2$  depending  on  the  velocity  of 
the  particle.  It  is  felt  that,  by  optimization  of  the  technique,  it 
should  be  possible  to  extend  the  measurements  to  higher  particle  veloci¬ 
ties  and  possible  hot-flow  conditions  using  relatively  nonluminous  gases. 

Individual  particle  velocities  were  measured  for  aluminum  powder 
fractions  in  a  2,900  ft/sec  helium-gas  stream.  Particle  velocities  and 
sizes  were  correlated  and  the  results  compared  with  theoretical  data. 
Although  the  trends  of  the  experimental  and  theoretical  data  correlate 
fairly  well,  it  appears  that  particle  lag  is  not  as  great  as  predicted 
by  the  theoretical  calculations. 
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Appendix  A 

SURVEY  OF  PHOTOGRAPHIC  METH0D6  FOR  THE  DIRECT 
MEASUREMENT  OF  PARTICLE  VELOCITIES 

After  considering  the  possible  techniques  which  might  be  used  to 
measure  the  velocity  of  individual  particles  traveling  at  the  high 
velocities  encountered  in  rocket  exhausts,  it  was  concluded  that  photo¬ 
graphic  approaches  hold  the  most  promise  for  solving  the  very  difficult 
problem.  A  number  of  photographic  techniques  have  been  studied  to 
determine  if  any  could  meet  the  requirements  for  such  a  task. 

Studies  have  shown  that  the  particles  of  interest  lie  in  the  range 
below  10^z  (Ref .  10)  and  have  an  upper  velocity  of  about  5>000  ft/sec. 
Limitations  in  lighting  resulting  from  wavelength  considerations  set 
the  lower  limit  at  around  Ifi  .  Thus,  any  system  to  be  of  interest 
should  have  potential  for  measuring  the  velocity  of  1  to  10  fi  particles 
traveling  at  speeds  up  to  5*000  ft/ec. 

Initial  experimental  conditions  called  for  a  system  capable  of 
measuring  particle  velocities  under  cold-gas  conditions.  However,  the 
possibility  of  future  tests  in  which  measurement  would  be  taken  in  an 
actual  rocket  exhaust  dictated  that  techniques  also  be  examined  for  use 
in  bo t -gas  situations. 

The  techniques  considered  can  be  divided  into  two  basic  classes: 

(l)  those  in  which  the  particles  are  backlighted,  and  (2)  those  in 
.which  they  are  frontlighted.  In  the  first  case  the  particle  is  silhou¬ 
etted  against  a  luminous  background.  This  results  in  a  photograph  in 
which  the  entire  background  is  exposed,  with  the  exception  of  the  parti¬ 
cle  image  or  shadow.  In  the  second  case  the  particle  is  emitting  light 
(either  through  reflection  or  self -luminescence)  against  a  dark  back¬ 
ground.  Thus,  only  the  particle  image  is  exposed  on  the  film. 

When  photographing  a  particle  using  backlighting,  it  is  necessary 
to  essentially  stop  the  motion  of  the  particle  image  on  the  film.  If 
the  particle  image  is  allowed  to  move  or  streak  across  the  film,  it 
will  travel  into  an  area  already  exposed  by  the  background  light  and, 
in  turn,  the  spot  of  unexposed  film  initially  in  the  shadow  of  the 
particle  will  become  exposed.  In  this  way  the  trace  is  easily  washed 
out.  Through  frontlighting  it  is  possible  and  usually  desirable  to 
allow  the  particle  image  to  streak  across  the  film,  since  light  from  the 
particle  and  not  from  the  background  is  the  agent  for  exposing  the  film. 

From  the  foregoing  discussion,  it  cam  be  seen  that  a  much  faster 
shutter  will  be  needed  for  the  backlighting  approach.  To  stop  a  1/1 
particle  traveling  at  5 >000  ft/sec  within  a  distance  of  one  particle 
diameter,  as  required  with  backlighting,  takes  an  exposure  time  on 
the  order  of  1  nanosecond  (I0"9  sec).  With  direct  lighting  techniques 
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exposure  tines  on  the  order  of  1  microseconds  (10  ^  sec)  or  longer  are 
sufficient. 

Because  of  the  difficulty  inherent  in  distinguishing  a  dot- type 
inage  as  obtained  with  backlighting  as  compared  with  the  streak-type 
image  usually  found  with  frontlighting  techniques,  a  higher  magnifi¬ 
cation  will  be  necessary  when  the  backlighting  approach  is  used.  It  is 
much  easier  to  locate  a  streak  that  is  10^. wide  and  1  inch  long  on  a 
piece  of  film  than  it  is  to  identify  a  dot  lO^tin  diameter  among  the 
film  grains.  For  frontlighting  techniques  it  appears  that  magnifica¬ 
tions  in  the  range  from  5X  to  10X  are  sufficient.  For  use  with  back¬ 
lighting,  a  magnification  of  2jX  would  most  likely  be  needed  to  obtain 
good  results.  Additionally,  if  the  light  is  overly  bright,  halation 

occur;  with  frontlighting,  the  particle  image  will  appear  larger. 
With  backlighting,  however,  the  halation  terds  to  wash  out  the  image 
and  decrease  the  effective  particle  size. 

In  both  cases,  however,  delivering  sufficient  light  to  the  film  is 
one,  if  not  the  most  important,  consideration.  For  the  backlighted 
approach  where  an  extremely  fast  shutter  is  used,  and  for  frontlighting 
where  the  particle  image  is  streaking  across  the  film  at  a  high  velocity, 
the  effective  exposure  time  for  the  image  at  any  spot  on  the  film  will 
be  on  the  order  of  several  nanoseconds.  Thus,  to  deliver  sufficient 
light  to  the  film  with  such  short  exposure  times,  a  fast  optics  system, 
very  sensitive  film,  and  am  extremely  bright  light  source  are  required. 

The  light  flux  delivered  to  the  camera  is  much  greater  with  back¬ 
lighting  than  with  frontlighting.  In  the  first  case  the  light  source 
itself  is  being  photographed,  whereas  in  the  second  case  the  light  is 
being  reflected  from  the  particle  surface  or  generated  from  the  rela¬ 
tively  weak  emittance  of  a  not  particle.  (Consider  the  difference  in 
exposure  time  needed  to  photograph  an  object  silhouetted  against  the 
sun  compared  to  that  needed  to  photograph  the  same  object  illuminated 
by  the  sun  rays).  However,  this  light  advantage  is  partially  offset 
by  the  need  for  higher  magnification  when  using  backlighting,  since 
the  light  intensity  to  the  film  decreases  in  general  as  a  function  of 
the  square  of  the  magnification.  For  frontlighting,  in  particular, 
sufficient  lighting  appears  to  be  quite  difficult. 


BACKLIGHTING  TECHNIQUES:  MULTIPLE  EXPOSURES 

Because  of  the  spot-type  image  necessary  with  backlighting,  a 
multiple  exposure  technique  would  be  necessary  to  measure  particle 
velocity.  Through  multiple  exposures  the  particle's  motion  history 
could  be  recorded  as  a  series  of  dots.  Knowing  the  distance  the  parti¬ 
cle  traveled  between  expc  sures  (obtained  from  the  signification  of  the 
camera  optic  system  and  trie  distance  between  image  dots)  and  the  time 
interval  between  exposures,  the  velocity  can  be  calculated.  Ideally, 
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multiple  exposures  would  be  made  on  one  film,  giving  a  aeries  of  "io::" 
across  a  single  picture.  As  discussed  earlier,  repeated  exposures  on 
one  film  would  result  in  an  image  washout  because  of  the  luminous  back¬ 
ground.  It  would  be  necessary  to  use  some  system  in  which  two  or  more 
separate  photographs  could  be  obtained.  To  accurately  determine  veloc¬ 
ity  it  would  be  necessary  to  arrange  the  cameras  so  that  it  would  be 
known  exactly  how  the  two  pictures  were  related  spatially.  This  could 
be  done  by  either  making  sure  the  cameras  were  photographing  the  iden¬ 
tical  area,  such  as  could  be  accomplished  with  a  beam-splitting  arrange¬ 
ment  (Fig.  25),  or  through  the  use  of  some  background  reference  system. 
Ideally,  the  resulting  pictures  would  appear  as  in  Fig.  26. 


FIG.  25.  Schematic  Drawing  of  Multiple  Image 
Backlighting  Setup. 


_  *2  -  *  1 
Vf>  (t2-t,)M 

WHERE 

Vp  =  PARTICLE  VELOCITY 

M ; CAMERA 

MAGNIFICATION 

FIG.  26.  Idealized  Pictures  Obtained  With  Multiple  Image 
Backlighting  Technique  (Fig.  25). 
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Only  one  shutter  wag  found  that  approached  the  required  1 -nanosecond 
exposure  time  and  had  the  necessary  resolution.  This  was  the  electro- 
optic-type  Kerr-cell  shutter  with  a  minimum  exposure  time  of  5  nano¬ 
seconds.  It  is  possible  that  photographs  of  some  of  the  particles  in 
the  larger  sizes  (5/L  fluid  over)  could  be  stopped  at  these  exposures. 

Additional  problems  would  exist  in  identifying  any  given  particle 
from  one  picture  to  another  unless  the  particle  density  in  ♦be  field 
was  quite  low.  Because  of  the  very  shallow  depth  of  field  resulting 
from  the  high  magnification,  particles  might  appear  in  one  photograph 
and  not  in  the  second,  further  confusing  the  assessment. 


FRONTLIGHTING  TECHNIQUES 

If  the  serious  problem  of  obtaining  sufficient  illumination  can  be 
overcome,  frontlighting  appears  to  be  more  versatile  t.an  the  backlight 
ing  approach.  The  possibility  of  streaking  the  image  opens  a  number  of 
avenues  not  possible  with  a  spot- type  image. 

Single  Streak  Imaging 

One  of  the  most  straightforward  approaches  to  the  problem  of  deter¬ 
mining  particle  velocities  would  be  to  take  a  precision  "time  exposure" 
of  the  stream  allowing  each  particle  to  produce  a  streak  whose  length  is 
proportional  to  its  velocity  (Fig.  27).  Measuring  the  length  of  the 
streak  on  the  photograph  and  knowing  the  exact  exposure  duration  and 
camera-lens  magnif ication,  it  would  be  possible  to  determine  the  desired 
velocity.  Of  course,  the  "time  exposure"  would  be  very  short,  about  2 
to  5  microseconds. 


i  '  ' 


V  tM 

t  :  EXPOSURE  TIME 
M  :  CAMERA  MAGNIFICATION 
vp  =  PARTICLE  VELOCITY 


FIG.  27-  Idealized  Picture  From  Single  Streak  Technique. 
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The  primary  difficulty  with  thf.  technique  arises  in  determining 
the  exposure  time  with  sufficient  accuracy.  It  is  necessary  to  either 
have  square  wave  shuttering  (extremely  short  opening  and  cloning  times) 
or  to  know  at  what  time  in  the  shuttering  operation  sufficient  light 
has  been  transmitted  to  start  exposing  the  film,  and  to  know  when  suffi¬ 
cient  light  has  been  cut  off  to  terminate  the  exposure. 

Exposures  of  the  required  duration  can  be  obtained  through  the  use 
of  some  type  of  shuttering  device  attached  to  the  camera  or  through 
control  of  the  duration  of  the  illuminating  light  pulse.  Two  types  of 
camera  shuttering  devices  were  considered:  (l)  electro-optical  shutters 
(Kerr  cells ) ,  and  (2)  image  converter  shutters.  The  electro-optic -type 
shutter  appears  to  hold  the  most  promise.  Ribe  and  decay  times  of  about 
1  nanosecond  result  in  a  nearly  square  wave  shuttering  for  pulse  lengths 
in  the  2  to  5  microsecond  ronge.  Light  transmission  is  relatively  poor; 
at  best  about  39^  of  the  entering  light  is  transmitted.  This,  of  course, 
adds  to  the  already  serious  illumination  problem.  Some  image  converters 
also  have  good  square  wave  characteristics,  but  at  present  the  definition 
is  quite  poor  for  particle  pictures  because  of  the  grainy  structure  of 
the  converter- tube  phosphor.  The  relatively  small  photo  size  is  also  a 
drawback. 

Sparks,  exploding  wires,  flash  tubes,  and  explosive  rare-gas  light 
bombs  can  be  used  to  produce  short  light  pulses  of  about  the  correct 
duration.  With  the  exception  of  the  explosive  rare-gas  light  bombs 
described  in  some  detail  in  the  text  and  Appendix  B,  it  is  questionable 
whether  sufficient  light  could  be  derived  from  these  sources  over  a 
reasonable  field  of  view.  Additionally,  all  depart  significantly  from 
the  desired  rapid  decay  times  needed,  but  work  has  been  done  at  NOTS 
which  indicates  that  rapid  decay  times  may  be  possible  with  the  light 
bomb  (Ref.  6). 

If  the  tailoff  or  long  decay  times  can  be  controlled,  the  use  of 
light -shuttering  would  provide  a  relatively  inexpensive  means  for  photo¬ 
graphing  either  a  cold-ges  flow  or  a  relatively  nonluminous  hot  flow.  By 
conducting  the  experiment  in  a  dark  room,  the  camera  shutter  would  be 
used  only  for  capping  purposes  and  a  simple  press  camera  could  be  u. 

If  the  flow  were  somewhat  luminous  or  if  it  were  necessary  to  run  in  a 
luminous  environment,  a  capping  shutter  would  have  to  be  used  that  was 
sufficiently  fast  to  reduce  background  lumination  to  a  tolerable  level. 

Multiple  Exposure  Techniques 

Multiple  exposure  techniques,  discussed  previously  under  backlight¬ 
ing  approaches,  are  also  amenable  to  frontlighting.  By  exposing  the  film 
two  or  more  times,  a  series  of  streaks  can  be  produced  (Fig.  28).  From 
the  spacing  of  the  streaks  it  is  possible  to  determine  the  velocity  of 
the  parent  particles.  If  three  or  more  exposures  are  taken,  accelera¬ 
tion  can  also  be  obtained  from  the  difference  in  particle  spacings. 
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JIG.  28.  Idealized  Picture  From  Multiple  Streak  Technique 
Frontlijhted. 

Since  there  is  no  inage  washout  when  photographing  a  reasonably 
sparse  particle  field  with  frontlight,  the  series  of  streaks  nay  be 
recorded  on  one  piece  of  filn.  This  should  provide  a  more  accurate 
velocity  measurement  than  that  obtained  with  backlighting  techniques  in 
which  it  is  necessary  to  record  each  exposure  on  a  different  piece  of 
film.  Additionally,  the  streaks  obtained  with  frontlighting,  unlike  the 
dots  recorded  in  b&ckli jhting ,  indicate  the  direction  of  particle  travel. 
'Riis  is  very  useful  when  determining  which  traces  belong  to  a  single 
parent  particle.  As  discussed  previously,  the  velocity  of  the  particle 
is  calculated  from  the  distance  between  streaks  on  the  film,  the  time 
interval  between  exposures,  and  the  camera  magnification. 

Because  of  the  relatively  short  time  between  exposures  (about  2  to 
5  microseconds),  it  is  likely  that  light-shuttering  would  be  necessary 
if  the  series  of  streaks  were  to  be  captured  on  one  piece  of  film.  Bo 
camera  shutter  was  found  capable  of  recycling  this  fast.  However,  by 
using  multiple  light  sources  of  short  duration  (about  1  microsecond)  and 
high  Intensity  activated  at  precise  intervals,  the  desired  results  are 
possible.  With  light-shuttering  it  will  be  necessary  to  work  with  a 
relatively  nonluminous  flow  under  either  darkened  conditions  or  with  a 
fast  capping  shutter  to  reduce  background  light  to  a  tolerable  level. 

The  explosive  rare-gas  light  bombs  are  especially  amenable  to  this 
multiple  exposure  technique.  A  variation  of  this  approach  was  used  in 
the  cold  flow  experimentation  reported  here.  Detailed  discussion  is 
provided  in  Appendix  B  and  the  section  titled  Lumination. 

Unlike  the  single  streak  approach,  it  is  only  necessary  to  have 
either  the  front  or  the  back  of  the  streaks  sharp  and  well  defined  (half¬ 
square  light  pulse)  since  measurements  are  usually  taken  from  identical 
points  in  each  streak.  A  number  of  different  type  light  sources  having 
sharp  rise  times  but  poor  tailoff  characteristics  might  find  application. 
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Streak  Camera  Technique 

It  may  be  possible  to  adopt  standard  streak  camera  tor 

th-  measurement  of  particle  velocities.  With  this  type  camera  the  film 
^e5«UvS  ^vef^hrough  the  image  fiame  at  a  known  rate;  or  where 
hi«h  writing  speeds  are  necessary,  the  Inage  nay  be  swept  across  a 
tinnarv  -trio  of  film  by  the  use  of  a  rotating  mirror  or  prism. 

ssrs/ss&TS-s  of «.  -  3. 

i»  S^O  S“iuo‘“r  m. 

Si™i0(tii?ix”).4  uZ  light  were  .owing  M  right  englee  to  the 
JS  iou"(“Uil=e-"t  •  oohtloooue  record  otpo.ltloh  verewe 

time  would  be  recorded  in  the  form  of  a  sloping  line.  The  slope 

SSSS  SS  - 

can  be  found  in  most  texts  on  high  speed  photography  (Ref.  11  12} 


A  *im>lified  schematic  sketch  illustrating  how  streak  camera  tech- 

order  to  obtain  ^  iJLu^a^ts,  the  writing  speeds  should 

10-to-l  magnification) .  ?or  be  -lit  shown  is  used  to  narrow 

approximate  the  particle  image  *P*'  .  ^  eliminate  the  confusion 

tS  flew  of  different^portionsof  the  nos.les, 

resulting  from  a  number  of  streaks  in  dirrerenTi  porvi.w 

(“different  times),  tracing  through  the  same  point  on  the  film. 


film 

VELOCITY. 


FIQ.  29.  Schematic  Diagram  of  Streak  Camera  Setup  for 
Photographing  Particle  Flows. 
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Figure  30  shows  how  an  idealized  record  might  appear.  Knowing  the 
effective  film  velocity  (sweep  speeu),  v^;  the  camera  magnification,  M; 
and  the  angle  of  the  streak  with  respect  to  the  displacement  axis,  a 
the  particle  velocity  can  be  calculated  from 


I!  tan  Gf 


Using  graphical  methods,  acceleration  can  also  be  determined. 

The  streak  camera  technique  appears  quite  promising.  The  light 
intensity  will  need  to  be  greater,  however,  because  of  the  velocity 
component  of  the  film  or  image  sweep  (Fig.  30)*  However,  the  shape  of 
the  light  pulse  will  not  be  critical  as  in  some  of  the  proposed  tech¬ 
niques.  The  main  benefit  is  derived  from  the  continuous  record  of  parti¬ 
cle  velocity  and  the  capability  for  measuring  acceleration.  The  camera, 
however,  is  rather  large  and  expensive. 
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FIG.  30.  Idealized  Picture  Obtained  With  Streak 
Camera  Technique. 

Synchroballistic  Technique 

The  streak  camera  is  used  in  a  different  manner  in  the  synchrobal¬ 
listic  technique.  Here  the  camera  is  rotated  90  degrees  so  that  the  film 
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or  the  speed  of  the  image  sweep  to  exactly  counter  th^  movement  of  the 
particle  image,  it  is  possible  to  stop  the  image  at  one  spot  on  the  film. 
Knowing  the  sweep  speed  and  the  optics  of  the  camera  system,  the  velocity 
of  the  particles  traveling  at  that  particular  speed  (critical  velocity) 
can  be  determined.  If  the  particles  are  traveling  faster  or  slower  than 
the  critical  speed,  a  streak  will  result  whose  length  is  proportional  to 
the  difference  between  the  critical  speed  and  the  particle  speed.  This 
then,  breaks  down  to  a  variation  of  the  single  screak  technique  and  it 
becomes  necessary  to  know  the  light  duration  and  streak  lengths  to  calcu¬ 
late  the  velocity  difference,  and  in  turn,  the  true  velocity.  Carlson  at 
Aeronutronic  used  this  technique  with  some  success  to  measure  the  veloc¬ 
ity  of  particles  traveling  at  high  velocity.  A  description  of  this  tech¬ 
nique  and  the  results  can  be  found  in  Ref.  2. 

/ 

The  primary  benefit  of  the  synchroballistic  technique  lies  in  the 
increased  effective  exposure  times  which  reduces  the  lighting  problems. 
However,  unless  the  light  intensity  is  maintained  at  a  high  level,  the 
range  of  particle  velocities  which  can  be  picked  up  by  streaking  becomes 
limited.  In  addition,  it  appears  that  in  those  cases  where  streaks  result, 
it  would  be  most  difficult  to  determine  if  they  represent  particles  travel¬ 
ing  faster  or  slower  than  the  critical  velocity.  As  with  a  number  of  the 
other  techniques,  it  is  not  possible  to  determine  accelerations  with  the 
synchroballistic  approach. 
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Appendix  B 

EXPLOSIVE  RARE-CAS  LIGHT  BOMB 

The  construction  and  design  of  the  light  bom:  incorporates  various 
principles  from  such  fields  as  optics,  gas  dynamics ,  and  impulsive 
loading.  Th->  light  bomb  required  a  trade-off  between  the  light  output 
and  the  impulsive  strength  of  the  materials.  In  most  cases  systens 
incorporating  impulsive  loading  are  too  time  -consuming  to  optimize 
ecaut;:  they  require  empirical  data.  The  time  allocated  for  the  basic 
construction  of  the  light  bomb  was  short,  and  the  resulting  system  was 
no c  optimized. 

LIGHT -BCM3  HOUSING 


Tlv  li0h fc-bomb  housin^  consists  of  a  cylinder,  front,  and  back 
plates,  iaffles,  and  a  cralli  base  (Fig.  31 ) •  The  cylinder  is  8  finches 
long  and  ir-  constructed  from  a  5 -inch  OD  mild  steel  stock  with  1/ 2 -inch 
waLls.  The  u.ild  steel  end  x^latis  have  an  outer  edge  thickness  of  3A 
inch  which  is  increased  to  l/2  inch  at  the  inside  diameter  of  the  housing 
for  .-as -  '.i  assembly  and  added  bulging  strength.  The  end  plates  arc 
connected  by  six  equally  spaced  ?/l6  Allen  head  bolts  J A  inch  long. 

The  front  r>lat>  has  a  2-inch  diameter  port.  The  rear  of  tne  nousing 
has  two  symmetric  2-1/2  x  1-1 A  inch  ports  to  allow  the  reaction  products 
to  escape.  In  front  of  these  ports  and  on  the  inside,  l/2-inch  thick 
circular  sejpnent  baffles  are  welded  to  help  restrict  fragments  from 
leaving  the  ports  (Fig.  31)*  A  cradle  is  bolted  to  the  bottom  of  the 
housing  which  allows  easy  attachment  to  a  tripod  (Fig.  7)  For  support 
and  positioning. 


nnrcn  system 


The  inner  system  (the  heart  of  the  light  source)  is  shown  with 
the  looses  and  the  front  plate  in  Fig.  2  and  32.  This  area  of  the 
li  .  t  source  required  the  ^greatest  amount  of  design  and  testing  and 
was  destroyed  during  each  test.  For  purposes  of  -explanation,  the 
inner  system  of  the  light  bomb  will  be  divided  into  three  subsystems: 
the  buffer,  the  light  pulse,  and  the  explosive. 


Buffer  Subsystem 

The  primary  purpose  of  the  plastic  buffer  discs  was  to  protect 
the  condensing  lenses  while  at  the  same  time  allowing  the  large  solid 
an  le  of  light  to  pass  through  the  front  end  plate.  The  buffer  region, 
therefore,  has  to  be  as  thin  as  possible  to  conserve  the  solid  angle, 
but  still  be  sufficiently  thick  to  prevent  scabbino  of  the  front  buffer 
surface  which  might  break  the  lenses. 
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BACK  COVER 


EXHAUST  PORTS 


BAFFLES 


FRONT  COVER 


FIG.  31.  Light -Bouh  HouBing 
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FIG.  32.  Assembled  Inner  Light  Bomb  System. 

The  buffer  subsystem  was  composed  of  two  plexiglass  discs  l/2  and 
1.1/2  inches  thick  with  a  common  diameter  of  3-3A  inches.  The  two 
pieces  of  plexiglass  were  separated  by  a  narrow  air  gap.  The  purpose  of 
the  air  gap  was  to  form  an  impedance  mismatch  and  thereby  help  to  atten¬ 
uate  the  stress  wave  entering  the  second  piece  of  plexiglass.  As  a 
result  of  the  air  gap,  part  of  the  stress  wave  was  reflected  back  into 
the  first  piece  of  plexiglass  which  was  completely  shattered.  The 
second  piece  of  plexiglass  showed  a  few  fractures  but  did  not  scab. 

Tests  performed  without  the  air  gap  resulted  in  scabbing  of  the  second 
plexiglass  buffer. 


Light  Pulse  Subsystem 

The  light  pulse  subsystem  is  composed  of  two  rectangular  plates  1- 
l/2  by  3-1/2  inches  with  l/2-inch  holes  in  the  centers  as  shown  in  Fig. 
2.  Air  is  contained  in  the  first  l/4-inch  plate  and  the  rare  gas  in  the 
second  l/2-inch  plate.  The  rare  gas  was  enclosed  in  the  l/2-inch  diam¬ 
eter  gas  gap  by  placing  transparent  Scotch  tape  on  both  sides  of  the 
aluminum  plate ,  and  was  introduced  into  the  gas  gap  by  either  continu¬ 
ously  flushing  the  gas  or  by  encapsulation  after  first  evacuating  the 
space.  Both  argon  and  krypton  were  tested  and  the  results  were  incon¬ 
clusive  as  to  which  rare  gas  yielded  the  higher  light  intensity.  The 
flushing  technique  was  used  with  argon  gas  which  was  easy  to  obtain  and 
much  less  costly.  This  was  accomplished  by  flowing  argon  into  ‘he  gap 
tnrough  a  l/8-inch  copper  tube  which  connected  into  the  gap.  A  second 
l/8-inch  hole  to  the  outside  allowed  the  gas  to  exhaust.  The  technique 
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used  to  encapsulate  the  krypton  gas  incorporated  a  plate  similar  to  the 
one  used  with  the  flush  technique,  but  without  the  exhaust  port.  Using 
hand  valves,  a  vacuum  gage,  and  the  usual  Scotch  tape  on  both  sides  of 
the  plate,  the  gas  gap  was  evacuated,  after  which  argon  gas  was  bled 
into  the  gap.  This  procedure  was  repeated;  after  evacuating  the  gap  a 
third  time,  krypton  was  bled  into  the  gap.  The  inlet  line  was  then 
sealed. 

The  air  gap  was  constructed  from  a  l/4-inch  thick  plexiglass  plate. 
Although  the  use  of  plexiglass  was  a  matter  of  availability,  the  thick¬ 
ness  of  the  air  gap  was  dictated  by  empirical  results.  The  1/4 -inch  air 
gap  was  used  since  it  allowed  enough  distance  for  the  light  intensity 
produced  in  the  rare  gas  to  decrease  below  the  sensitivity  of  the  film, 
and  also  resulted  in  a  total  light  pulse  of  the  required  duration  of 
about  3  microseconds. 

The  basic  operation  of  the  light  pulse  subsystem  can  be  stated  as 
follows;  A  shock  wave  produced  by  the  detonated  explosive  enters  the 
rare  gas,  which  in  turn  is  excited  to  a  high  energy  level,  and  emits  an 
intense  light.  As  the  wave  enters  the  air  gap,  the  intensity  of  the 
light  drops  off  radically  since  air  required  a  much  higher  energy  level 
to  emit  an  intense  light.  However,  as  the  shock  wave  (which  has  an 
average  velocity  of  20,000  ft/sec)  Impacts  the  plexiglass,  the  air  at 
the  interface  is  raised  to  an  extremely  high  energy  level  and  re -emits 
an  intense  light  upon  returning  to  its  ground  state.  Figure  33  graph¬ 
ically  shows  the  operation  of  the  light  pulse  subsystem. 


FIG.  33.  Dual  Streak  Light  Pulse  Pattern. 

Explosive  Subsystem 

TSie  explosive  subsystem  is  composed  of  two  l/2  x  l/2-inch  tetryl 
pellets,  an  electric  detonator,  and  a  wood  block  used  for  positioning 
the  explosives  and  detonator  (Fig.  2).  The  wood  block  was  used  since 
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wood  fragments  are  relatively  safe  compared  to  metallic  or  brittle  n»te- 
rials.  The  wood  positioning  block  measures  1-1/2  x  2  x  1-1/2  inches 
with  a  l/2-inch  diameter  hole  drilled  in  the  center  1-1/8  inches  deep 
followed  by  a  9/ 32-inch  diameter  hole  on  the  axis  for  the  detonator.  The 
two  tetryl  pellets  were  placed  in  the  hole  with  care  taken,  first,  not 
to  break  the  pellets  which  are  quite  brittle  and,  second,  to  nmintain 
the  face  of  the  explosive  in  the  same  plane  as  the  face  of  the  wooden 
block.  The  explosive  subsystem  was  bolted  to  the  gas  gap  plate  as  shown 
in  Fig.  2. 

The  UBe  of  two  tetryl  pellets  in  tandem  was  required  to  produce  a 
nearly  true  plane  detonation  wave  at  the  explosive  gas  interface.  A 
small  explosive  plane -wave  generator  could  be  used  instead  of  the  two 
tetryl  pelletB.  The  generators  produce  a  more  nearly  tru  •  plane  wave 
than  the  pellets,  but  the  degree  of  difference  did  not  warrant  its  use 
because  of  the  cost  and  difficulty  involved. 

The  figures  are  self-explanatory  as  far  as  the  interconnection  of 
the  various  subsystems  are  concerned.  However,  the  l/2-inch  diameter 
center  axis  should  be  carefully  aligned  so  that  there  is  nothing  to 
impede  the  shock  wave. 


LENS  SYSTEM 

The  lens  system  is  required  to  condense  the  solid  angle  of  light 
emitted  through  the  front  cover  of  the  light  source  down  to  the  small 
field  of  view.  This  maintains  high  intensity  light  on  the  particles  in 
the  field  of  view. 

The  light -condensing  lens  system  is  shown  in  a  cutaway  drawing  in 
Fig.  34  including  the  system  construction  and  dimensions.  The  two  most 
conspicuous  features  in  the  design  of  the  lens  system  are  the  use  of  two 
condensing  lenses  and  the  mounting  of  the  lenses  to  protect  them  from 
impulsive  loads. 

Two  lenses  instead  of  one  are  used  in  the  system  because  of  the 
resulting  greater  flexibility.  Lens  1  is  positioned  at  approximately 
one  focal  length  from  the  light  source  so  that  the  light  is  turned  essen- 
tislly  parallel  to  the  axis .  The  second  lens  can  be  placed  at  a  reason¬ 
able  distance  away  (Fig.  4)  which  is  beneficial  due  to  the  limited  space 
available  for  both  the  camera  and  the  light  bomb.  By  varying  the  focal 
length  of  lens  2,  one  can  vary  the  image  size  to  which  the  light  is 
condensed.  Both  lenses  are  plano-convex  and  need  not  be  of  high  quality, 
since  precise  focusing  of  the  light  is  not  required. 

As  noted  in  Fig.  34,  the  lenses  are  not  rigidly  mounted.  They  are 
held  between  rubber  0-ring6  allowing  them  to  move  under  stress.  One 
test  was  run  in  which  the  lens  system  was  rigidly  mounted.  This  resulted 
in  fragmentation  of  the  lenses,  primarily  on  the  edges  where  they  were 
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mounted.  The  lens  system  is  bolted  to  the  front  cover  of  the  light  bomb 
which  is  separated  by  a  rubber  0-ring  buffer.  This  buffer  helps  to 
impede  the  stress  wave  from  being  transmitted  to  the  lens  housing. 


FIG.  34.  LigZit  Condensing  Lens  System. 
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